We report the first mid-infrared flat lens based on the reflectarrays with focusing efficiency (70%), which is the highest reported so far for reflectarray-based lenses. Experiments and simulations show that the focusing is near diffraction-limited.
Introduction
The interest in the applications of infrared (IR) light has recently increased in many areas, such as night vision, pharmaceutical quality monitoring, and the homeland security. Recently, a new class of optical components based on metasurfaces has been developed [1] . These components control the wavefront of light using arrays of optical resonators with subwavelength dimensions, which are patterned on a surface to introduce a desired spatial distribution of optical phase. By tailoring the properties of each element of the array, one can spatially control the phase of the scattered light and consequently mold the wavefront.
In this paper, we report a flat lens based on a reflectarray metasurface that focuses light of λ = 4.6 μm along one axis, yielding a focal line with an efficiency of 70%, which to our best knowledge is the highest so far among the reflectarray-based focusing lenses. For example, Pors et al. demonstrated 27% in the near-IR [2] . We also showed that the focus is near diffraction-limited. The lens is extremely thin and lightweight compared to conventional optical components such as parabolic and spherical mirrors. Its material and processing requirements are minimal, requiring only a flat reflective substrate and one photolithography step, which enables large-scale fabrication. Fig. 1 (a) shows the unit cell (phase shift element) of the flat lens. In this design, we take advantage of the interaction of the antenna with its mirror image across the ground plane: the near-field coupling between the antenna and its image results in a reflected field which allows one to engineer a broader phase response without polarization conversion [3] . We used finite-difference time-domain (FDTD) simulations with periodic boundary conditions to find a set of elements with different radii that yielded both a large range of reflection phase and a relatively uniform reflection amplitude, as shown in Fig. 1 (b) . The phase coverage was from 0 to approximately 1.5π for discs with radii ranging from 0.4 μm to 1 μm.
Lens design
As a proof of principle we demonstrated a flat lens with the functionality of a cylindrical lens (one-dimensional focusing). A schematic of the flat lens is shown in Fig. 1 (c) : a collimated Gaussian beam arrives at the flat lens at oblique incidence angle θ, and is focused at a length g in the direction normal to the lens surface. The inset shows a scanning electron microscope image of a small section of the fabricated lens. The reason for the oblique incidence is purely practical: by using the metasurface itself to spatially separate the incident and reflected beams, we avoid the need for a beam splitter to separate the two beams. This technique simplifies the experimental setup and eliminates the insertion loss introduced by a beam-splitter [2] , which improves weak signal detection. In order to achieve the desired focusing, the phase profile of the wavefront as a function of position along the metasurface lens is given by:
978-1-943580-11-8/16/$31.00 ©2016 Optical Society of America where λ0 is the wavelength. There is no phase modulation along the y-direction, resulting in a focal line rather than a point. The first term is to focus the light and the second term is to cancel out the phase gradient of the oblique incident light [1] . The total phase function was discretized for antennas of fixed center-to-center separation. Fig. 2 (a) is the FDTD simulation results of the distribution of the electric field intensity (normalized |E| 2 ) near the focus region in the x-z plane. Fig. 2 (b) shows that the full beam waist at 1/e 2 of the peak intensity at the focus is 164 μm in the experiment and 166.5 μm in the simulation. The diffraction-limited full beam waist (2w0) is 156 μm for an incident Gaussian beam with a beam size of 3 mm and focused at 8 cm. Hence, our measured focus size is close to the diffraction limit. Fig. 2 (c) shows that the measured reflection angle is 0 o , i.e. perpendicular to the lens surface. The full width at half maximum (FWHM) is less than 0.1 o . It is worth pointing out that we have simulated and measured the lens with incident light of both polarizations and found that the focusing performance of our lens is polarization-independent. The measured focusing efficiency of the lens was 70% which was close to the simulated value of 83%. The majority of the light is absorbed by the materials and a small amount is reflected into other directions, reducing the overall focusing efficiency. 
Results and discussion

Conclusions
In this paper, we designed a mid-IR focusing flat lens that consists of reflectarray metallic antennas with subwavelength spatial resolution. Our approach based on illuminating the flat lens at an oblique angle and achieving near diffraction-limited focusing has the advantage of simplified experimental setup compared to other reflectionbased measurements with normal incidence. Our lens also has a number of attractive features, including high focusing efficiency, polarization-independence, straightforward fabrication based on single-step photolithography, flexibility of design, and reproducibility on a large scale.
